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Introduction
In the absence of exogenous respiratory electron acceptors, 
the γ- proteobacterium Escherichia coli is able to perform a 
mixed- acid fermentation (Bettenbrock et al. 2014). Under 
these conditions glucose is metabolized to pyruvate by the 
Embden–Meyerhof–Parnas glycolytic pathway (Romano and 
Conway 1996), after which a range of organic acids, ethanol, 
CO2, and H2 are produced. This ability of E. coli to produce 
molecular hydrogen has been a continuous source of research 
interest (Pakes and Jollyman 1901; Stephenson and Stickland 
1931), especially for its potential use as a renewable energy 
source (Rittmann and Herwig 2012).
The key to fermentative H2 production by E. coli is 
the formate hydrogenlyase (FHL) enzyme (Sauter et al. 
1992), which catalyses the disproportionation of formate 
to hydrogen and carbon dioxide:
The ‘forward’ reaction (CO2 and H2 production from 
formate) is the only one observed under physiological 
fermentative conditions (Stephenson and Stickland 1932; 
Sawers et al. 1985), indeed expression and biosynthesis 
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−
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Abstract
During mixed- acid fermentation Escherichia coli produces formate, which is 
initially excreted out the cell. Accumulation of formate, and dropping extracel-
lular pH, leads to biosynthesis of the formate hydrogenlyase (FHL) complex. 
FHL consists of membrane and soluble domains anchored within the inner 
membrane. The soluble domain comprises a [NiFe] hydrogenase and a formate 
dehydrogenase that link formate oxidation directly to proton reduction with 
the release of CO2 and H2. Thus, the function of FHL is to oxidize excess 
formate at low pH. FHL subunits share identity with subunits of the respiratory 
Complex I. In particular, the FHL membrane domain contains subunits (HycC 
and HycD) that are homologs of NuoL/M/N and NuoH, respectively, which 
have been implicated in proton translocation. In this work, strain engineering 
and new assays demonstrate unequivocally the nonphysiological reverse activity 
of FHL in vivo and in vitro. Harnessing FHL to reduce CO2 to formate is bio-
technologically important. Moreover, assays for both possible FHL reactions 
provide opportunities to explore the bioenergetics using biochemical and genetic 
approaches. Comprehensive mutagenesis of hycC did not identify any single 
amino acid residues essential for FHL operation. However, the HycD E199, 
E201, and E203 residues were found to be critically important for FHL 
function.
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of active FHL are repressed until the correct environmental 
conditions prevail that will favor this reaction, that is, 
relatively high formate concentration and relatively low 
pH. The formate substrate (pKa = 3.75) is produced 
endogenously by E. coli by the pyruvate formatelyase (PFL) 
enzyme, which utilizes oxygen- sensitive radical chemistry 
to generate acetyl CoA and formate (Sawers and Watson 
1998). While the acetyl CoA can be used to generate 
ATP via acetate kinase, the formate produced is initially 
secreted out of the cell and PFL interacts directly with 
a formate- specific channel, FocA, in order to achieve this 
as efficiently as possible (Doberenz et al. 2014). However, 
under fermentative conditions, the secreted formate can-
not be further respired and instead accumulates in the 
growth medium. This, together with a drop in the external 
pH caused by accumulation of several organic acids, trig-
gers a reversal of the FocA formate channel function 
(Wang et al. 2009) and formate is taken back into the 
cell where it induces production of the FHL complex 
(Sawers 1994).
The E. coli FHL complex is a multimeric protein com-
plex of seven subunits anchored at the cytoplasmic side 
of the membrane (Fig. 1) (Sauter et al. 1992; McDowall 
et al. 2014). The enzyme consists of a cytoplasmic domain 
of five subunits, including the products of the hycB, hycE, 
hycF, hycG, and fdhF genes, and a membrane domain 
made up of the hycC and hycD gene products (Fig. 1). 
The cytoplasmic domain contains a [NiFe]- hydrogenase 
catalytic subunit (termed Hyd- 3) encoded by the hycE 
gene (Böhm et al. 1990). HycE contains a Ni- Fe- CO- 
2CN− cofactor, which is the site of proton reduction 
during H2 production (Peters et al. 2015), and this protein 
is linked by a molecular wire of Fe- S clusters located 
within the HycG, HycF, and HycB proteins to a selenium-
 and molybdenum- dependent formate dehydrogenase 
subunit encoded by the fdhF gene (Sauter et al. 1992; 
McDowall et al. 2014). The formate dehydrogenase com-
ponent of FHL is commonly referred to as FDH- H (for-
mate dehydrogenase linked to hydrogen production) and 
it catalyses the oxidation of formate to CO2 (Khangulov 
et al. 1998). The cytoplasmic domain of the FHL complex 
therefore functions as a closed electron transfer system 
to directly connect two redox reactions.
FHL- like complexes are conserved across the prokaryotic 
domains and the components share clear sequence identity 
with the energy- conserving Complex I chain (Böhm et al. 
1990; Efremov and Sazanov 2012). The FHL membrane 
domain contains two integral membrane proteins (HycC 
and HycD) that share common features with the NuoL/
M/N and NuoH membrane proteins of Complex I that 
are directly involved in proton pumping (Brandt 2006; 
Efremov and Sazanov 2012; Batista et al. 2013). Moreover, 
analysis of the thermodynamics of the FHL forward reac-
tion suggests that enough free energy could be generated 
to be coupled directly to proton translocation. Under 
standard conditions, the oxidation of formate (CO2/for-
mate Eo’ −432 mV) coupled to proton reduction (H
+/
H2 Eo’ −414 mV) gives a small driving force (18 mV) 
that would in itself not be regarded as sufficient to trans-
locate a proton (Thauer et al. 1977). However, FHL does 
not operate under standard conditions, instead it is 
expressed under certain physiological conditions that 
Figure 1. Schematic organization of the formate hydrogenlyase (FHL) proteins and the corresponding genes. (A) The FHL complex is oriented toward 
the cytoplasmic side of the membrane with the proteins HycD and HycC anchoring the complex (blue and gray, respectively) in the membrane, with 
small cylinders indicating the transmembrane helices. The [FeS]- cluster harboring proteins HycB, HycF, and HycG are shown in orange, whereas the 
catalytic subunit of the formate dehydrogenase (formate- DH, FdhF/FdhH protein) and the hydrogenase- 3 (Hyd- 3 and HycE protein) are shown in 
purple. The FDH- H subunit contains a selenocysteine (Se) and a molybdopterin guanine dinucleotide (Mo- bis- MGD) at its active site, whereas Hyd- 3 
harbors a [NiFe] cofactor. A dashed line indicates the predicted direction of electron flow. (B) The genes coding for FHL structural and accessory 
components are shown as arrows, with the colors corresponding to (A). The transcriptional regulator HycA, the chaperone HycH, and the HycE- 
specific endoprotease HycI (all shown in white) are not part of the structural complex, whereas the fdhF gene (encoding the FDH-H protein) is located 
on a different part of the chromosome. Modified from Pinske and Sawers (2014).
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would lead to an increase in the available driving force 
for proton translocation (McDowall et al. 2014). Indeed, 
although E. coli cannot grow with formate as sole carbon 
and energy source, the archaeon Thermococcus onnurineus 
can grow using formate as electron donor (Kim et al. 
2010; Lim et al. 2014). Here, the T. onnurineus FHL 
complex generates an initial proton gradient that is sub-
sequently converted into a sodium gradient by a Na+/
H+ antiporter, which can finally be coupled directly to 
Na+- dependent ATP synthesis (Kim et al. 2010; Lim et al. 
2014).
The possibility that FHL could be energy conserving 
has also led to hypotheses on the origins of life itself. One 
compelling idea is that the FHL ‘reverse’ reaction may once 
have dominated early cellular life, coupling the proton 
motive force to H2- dependent CO2 fixation (Nitschke and 
Russell 2009). Certainly, the individual enzyme components 
of FHL have been shown to be reversible, as Hyd- 3 can 
link H2 oxidation to benzyl viologen or methyl viologen 
reduction in vitro and in situ (Krasna 1984; Sawers et al. 
1985; Maeda et al. 2007). The isolated FDH- H enzyme is 
bidirectional in electrochemistry experiments (Bassegoda 
et al. 2014). Moreover, very early work with intact wild- 
type E. coli cells showed that formic acid could be produced 
when the cells were incubated under H2 and CO2 (Woods 
1936). However, this experiment was done before modern 
biochemical and genetic experiments established that E. coli 
contains multiple formate dehydrogenases and hydroge-
nases that are reversible in vivo (Sawers 1994; Deplanche 
et al. 2010; Pinske et al. 2015). In addition, E. coli is now 
known to carry the genes for components of an alternative 
version of FHL (Andrews et al. 1997). Thus, the specific 
ability of E. coli FHL to perform the ‘reverse’ reaction 
deserves further investigation, not least as the harnessing 
of an alternative biological reaction capable of synthesizing 
organic acid from CO2 may have several biotechnological 
applications.
In this work, experimental evidence is provided that 
demonstrate E. coli FHL is reversible in vivo and also 
when isolated and assayed in vitro. This new ability to 
observe both the forward and reverse FHL reactions pro-
vided a means for characterization of the bioenergetics 
of E. coli FHL. In addition, a series of site- directed 
mutagenesis experiments against the FHL membrane- 
domain components HycC and HycD was undertaken. A 
total of 17 separate amino acid substitutions were made 
in HycC and none had a negative effect on FHL func-
tion. In the case of HycD, however, substitution of the 
conserved E138, E199, and E203 residues with alanine all 
resulted in reduced FHL activity, but as a result of incor-
rect assembly of the enzyme. Taken altogether, the data 
presented here do not support the hypothesis that E. coli 
FHL is energy conserving.
Methods
Strains, plasmids, and growth conditions
All bacterial strains and plasmids used in this study are 
listed in Tables 1 and 2. A marker- less deletion of the 
genes for the membrane subunits hycCD was constructed 
by cloning the 500 bp upstream region as a HindIII/EcoRI 
fragment, and a 500 bp downstream region as a EcoRI/
HindIII fragment, with the primers stated in Table S1, 
joining them together in pMAK705 before moving them 
to the chromosome of strain MG059e1 (Hamilton et al. 
1989; McDowall et al. 2014). The chromosomal modifica-
tions were carefully constructed so as to preserve identifiable 
regulatory elements, coding sequences, stop codons, and 
ribosome- binding sites of the flanking genes hycB and hycE.
Site- directed mutations were introduced on a plasmid 
pKS- hycCD, which is a derivative of pBluescriptKS+ con-
taining the hycCD locus amplified using primers hycB- 
500FW and hycE+500RW (Table S1) and cloned as a 
HindIII/HindIII fragment. Point mutations were generated 
using either the Q5 protocol (NEB) or Pfu (Stratagene 
method) and the primers used are listed in Table S1. After 
sequencing, the insert was moved into pMAK705 and 
subsequently moved to the chromosome (Hamilton et al. 
Table 1. Strains used and constructed in this study.
Strain Genotype Reference
MG059e1 As MG1655, hycEHis McDowall et al. 
(2014)
EHisdCD As MG059e1, ΔhycCD This study
MC4100 F−, araD139, Δ(argF-lac)U169, 
ptsF25, deoC1, relA1, 
flbB5301, rspL150
Casadaban (1976)
CP734 As MC4100, ΔhyaB, ΔhybC Pinske et al. 2011b
CP971 As MC4100, ΔhycA-I::cat Pinske et al. 
(2011a)
JW2693 As BW25113, ΔhycC::kan Baba et al. (2006)
JW2692 As BW25113, ΔhycD::kan Baba et al. (2006)
RT1 As MC4100, ΔhyaB, ΔhybC, 
ΔfdhE, ΔpflA
This study
RT2 As MC4100, ΔhyaB, ΔhybC, 
ΔfdhE, ΔpflA, ΔhycA-I::kan
This study
CPCT83A As CP734, HycCT83A This study
CPCE135A As CP734, HycCE135A This study
CPCH222A As CP734, HycCH222A This study
CPCK239A As CP734, HycCK239A This study
CPCE281A As CP734, HycCE281A This study
CPCT292A As CP734, HycCT292A This study
CPCE294A As CP734, HycCE294A This study
CPCN295A As CP734, HycCN295A This study
CPCH328A As CP734, HycCH328A This study
CPCK336A As CP734, HycCK336A This study
CPCN386A As CP734, HycCN386A This study
CPCF388A As CP734, HycCF388A This study
724 © 2016 The Authors. MicrobiologyOpen published by John Wiley & Sons Ltd. 
C. Pinske & F. SargentFormate Hydrogenlyase is Bidirectional
1989) where the corresponding gene region was sequenced 
again.
Strains were routinely grown with shaking in LB medium 
or on agar plates (Miller 1972). Anaerobic growth was per-
formed in TGYEP medium, pH 6.5 (Begg et al. 1977) in sealed 
bottles. The antibiotics ampicillin, chloramphenicol, and 
kanamycin were added to the medium at the final concentra-
tion of 100 μg mL−1, 12.5 μg mL−1, and 50 μg mL−1, 
respectively.
Determination of enzyme activities
Activity of the FHL complex was determined by formate- 
dependent H2 production either in a qualitative way by 
monitoring gas production in Durham tubes after growth 
in LB + 0.8% (w/v) glucose (Guest 1969) or quantitatively 
using a modified Clark- type electrode (Oxygraph) (Sargent 
et al. 1999). Briefly, an amount of 1.7- mL anaerobic 
20 mmol/L MOPS buffer, pH 7.0, was loaded into the 
electrode chamber before an aliquot of harvested and 
washed fermentatively grown cells was added. When the 
baseline was stable, formate was added to a final concen-
tration of 15 mmol/L and the resulting slope used to 
calculate the H2 production rate, based on calibration with 
known amounts of H2- saturated buffer (Sargent et al. 
1999).
The Hyd- 3 and FDH- H activities were determined as 
H2- or formate- dependent BV reduction, respectively, as 
described (Pinske et al. 2011a).
High- performance liquid chromatography (HPLC) 
analysis was performed using the Dionex UltiMate 3000 
system equipped with an Aminex HPX- 87H column 
(BioRad, Hercules, California, USA). The isocratic eluent 
used was 5 mmol/L H2SO4 with a flow of 0.5 mL min
−1 
at 50°C for 30 min with UV detection at 210 nm. The 
formate peak eluted at 16.2 min and a standard curve 
was prepared between 1 and 200 nmol formate. Samples 
were prepared following anaerobic growth, after which 
the cells were washed with 20 mmol/L MOPS buffer, pH 
7.4, and resuspended in that buffer, unless otherwise stated. 
An amount of 0.5- mL cell suspension corresponding to 
approximately 25 mg of protein was added to Hungate 
tubes containing 2.5 mL of buffer and any additions as 
specified. The tubes were closed and H2 flushed through 
them for 5 min (12 mL). An amount of 5 mL CO2 gas 
was added to the tube, which corresponded to 29%. The 
cells were incubated at 37°C for 5 h, unless otherwise 
stated.
Ionophore experiments were done using carbonyl 
 cyanide m- chlorophenyl hydrazone (CCCP) prepared in 
dimethyl sulfoxide (DMSO) at a final concentration of 
100 μmol/L; 2,4- dinitrophenol in H2O at 100 μmol/L; 
monensin in ethanol at 20 μmol/L; EIPA (5- (N- ethyl- N- 
isopropyl)- amiloride) in DMSO at 50 μmol/L; nigericin 
in DMSO at 10 μmol/L; valinomycin in ethanol at 
10 μmol/L; gramicidin in ethanol at 10 μg mL−1; and N,N’- 
Dicyclohexylcarbodiimide (DCCD) in dimethyl forma-
mide (DMF) at 35 μmol/L. Where indicated, 112 mmol/L 
K+ or Na+ ions were present in the buffers. Crude extracts 
were prepared by sonication for 5 min before unbroken 
cells were removed by centrifugation.
Substrate calculations
The concentrations of gases in the liquid phase was calcu-
lated according to Henry’s law using the gas constants 
7.8 × 10−4 mol L−1 atm−1 and 3.4 × 10−2 mol L−1 atm−1 for 
H2 and CO2, respectively. The partial pressures of each gas 
were calculated as fractions according to the ideal gas law.
Protein purification and analysis
Purification of the FHL complex and subcomplex was done 
as described previously (McDowall et al. 2014). Samples 
were analyzed using 10% (w/v) SDS- PAGE (Laemmli 1970) 
and either stained with InstantBlue (Expedeon, San Diego, 
California, USA) or transferred to nitrocellulose membranes 
as described (Towbin et al. 1979). Antibodies raised against 
HycG (1:3000 (Sauter et al. 1992)) were used. Secondary 
antibody conjugated to horseradish peroxidase was obtained 
from Bio- Rad and visualization was done by enhanced 
chemiluminescence reaction (Stratagene, La Jolla, California, 
USA).
Table 2. Plasmids used in this study.
Plasmid Genotype Reference
pKS- hycCD pBluescript KS+; hycCD+ 
including 500 bp flanking 
regions; AmpR
This study
pKS- hycB:E pBluescript KS+; hycB::E 
ΔhycCD; AmpR
This study
pMAK705 CmR Hamilton 
et al. (1989)
pMAK- hycB::E pMAK705; hycB::E ΔhycCD; 
CmR
This study
pKS- hycCL208KD pKS- hycCD, HycC (L208K) This study
pKS- hycCH215AD pKS- hycCD, HycC (H215A) This study
pKS- hycCH332AD pKS- hycCD, HycC (H332A) This study
pKS- hycCD354AD pKS- hycCD, HycC (D354A) This study
pKS- hycCE391AD pKS- hycCD, HycC (E391A) This study
pKS- hycCDE138A pKS- hycCD, HycD (E138A) This study
pKS- hycCDE189A pKS- hycCD, HycD (E189A) This study
pKS- hycCDE199A pKS- hycCD, HycD (E199A) This study
pKS- hycCDE201A pKS- hycCD, HycD (E201A) This study
pKS- hycCDE203A pKS- hycCD, HycD (E203A) This study
pKS- 
hycCDE199/201/203A
pKS- hycCD, HycD 
(E199/201/203A)
This study
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Results
Chemosynthesis of formate from CO2 in vivo 
driven by FHL
Early experiments using the chemical reduction of mercuric 
chloride as an assay for formic acid demonstrated that 
intact E. coli cells could generate formate from hydrogen 
and carbon dioxide (Woods 1936). However, this early 
work was unable to biochemically or genetically identify 
the enzymes responsible, and it therefore remained con-
ceivable that multiple biochemical pathways were involved. 
To address this directly here, an E. coli strain (RT1) was 
constructed that was devoid of all hydrogenase and for-
mate dehydrogenase activities save for FHL, and was also 
unable to produce formate endogenously through glyco-
lysis. To achieve this, the E. coli MC4100 parental strain 
was engineered to carry a ΔfdhE allele, thus rendering it 
devoid of the respiratory formate dehydrogenases FDH- O 
and FDH- N (Schlindwein et al. 1990), and deletions of 
hyaB and hybC, thus removing the catalytic subunits of 
the respiratory [NiFe]- hydrogenases Hyd- 1 and Hyd- 2. 
Finally, a deletion of the pflA gene, which codes for an 
enzyme required for activating the pyruvate formatelyases 
PflB and YfiD that generate endogenous formate in E. coli 
(Knappe et al. 1984; Wyborn et al. 2002), was included. 
Note that without production of endogenous formate the 
RT1 cells must be cultured in the presence of externally 
added formate in order to induce transcription of FHL- 
coding genes. Formate- dependent production of FHL in 
the RT1 strain was confirmed by Western analysis (Fig. 2). 
The Hyd- 3 small subunit, HycG, was only produced when 
the RT1 strain was cultured anaerobically in the presence 
of exogenous formate (Fig. 2).
Next, the RT1 (FHL+) strain was cultured in rich media 
under fermentative conditions in the presence of formate. 
This initial growth provided a stock of cells that had 
produced FHL components. Production of the FHL com-
ponent HycG by RT1 under these conditions was confirmed 
by Western immunoblot analysis (Fig. 2). The FHL- 
containing cells were harvested before being washed and 
suspended in 20 mmol/L MOPS buffer (pH 7.4) containing 
no other additions. An aliquot of cells (corresponding to 
25 mg of total cell protein) was then incubated in a final 
volume of 3- mL MOPS buffer at 37°C under a CO2 and 
H2 atmosphere (equivalent to 39 mmol/L H2 and 
39 mmol/L CO2 in the gas phase and consequently 
0.8 mmol/L H2 and approximately 37 mmol/L CO2 in 
the liquid phase at the beginning of the experiment). 
Next, a sample was removed through a 0.22- μm sterile 
filter, which removed the cells, and 10 μL of the resultant 
supernatant was tested for the presence of formate by 
HPLC (Fig. 3A). Following 5 h incubation, a final 
concentration of 5.1 ± 1.2 mmol/L formate was calculated 
to be present in the cell suspension. Incubation of the 
RT1 strain in the absence of either H2 or CO2/H2 mix 
did not result in formate production (Fig. 3A). In addi-
tion, a control strain (RT2), which was genetically identical 
to RT1 but further deleted for the hycABCDEFGHI operon 
encoding the majority of FHL (Fig. 2), could not produce 
formate from CO2 and H2 under the same conditions 
(Fig. 3A) and contained only a trace of formate 
(0.6 ± 0.4 mmol/L final concentration in the reaction 
vessel), most likely as carry over from the initial growth 
phase. Lactate was always observed as a carryover even 
after extensive washing of the cells (Fig. 3A) and served 
as a useful internal control. The HPLC traces in Fig. 3A 
have some other interesting features. First, the small H2- 
dependent (but CO2- independent) formate peak is probably 
most likely due to the presence of internally produced 
CO2 by the cells, especially as the cells retain some viability 
and are actively excreting lactate (Fig. 3A). More intrigu-
ing is the presence of minor signals at 21 and 22 min 
retention time. Collecting the 22 min fraction and analysis 
by mass spectrometry gave no clear results. Sample com-
pounds (oxaloacetate, fumarate, acetate, and various amino 
acids) all showed different retention times to this and 
can therefore be discounted. Thus, the definitive nature 
of the substance eluting at 22 min remains to be 
determined.
Next, CO2/H2- dependent formate production by the 
RT1 strain was followed over time in order to gain insight 
into the reaction rate (Fig. 3B). At the beginning of the 
time course the RT1 strain showed a trace background 
level of formate (0.7 mmol/L) in the supernatant, which 
increased in a linear fashion over 3.5 h to reach 5.1 mmol/L 
Figure 2. Production of formate hydrogenlyase (FHL) in response to 
exogenous formate. E. coli strains MG059e1 (hycEHis), RT1 (FHL+), RT2 
(FHL−), and a ΔpflA control strain were grown anaerobically in TGYEP 
medium (pH 6.5) either in the presence or absence of 15 mmol/L 
formate as indicated. Following overnight growth at 37°C, cells were 
harvested, washed, and 25 μg of total cell protein separated by SDS- 
PAGE (10% (w/v) acrylamide). Protein was transferred to nitrocellulose 
and subsequently challenged with an antibody raised against E. coli 
HycG. The asterisk marks the position of a nonspecific cross- reacting 
protein that serves as an internal loading control. Positions of the 
molecular weight markers (PageRuler, Fermentas) are indicated.
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(final concentration in the 3 mL aqueous phase of the 
reaction vessel), which is equivalent to an initial rate of 
4 nmoles of formate produced per min per mg protein. 
The reaction slowed and reached a steady state after 10.5 h 
with a final concentration of 8.7 mmol/L formate in the 
reaction vessel (Fig. 3B). The production of formate is 
detectible but slow, and thus performing an HPLC- based 
time course for many different experimental conditions 
was deemed not practical. Instead, a single- point assay 
was chosen for further formate production experiments, 
where the concentration of formate in the aqueous phase 
would be determined after 5 h incubation.
Using the single- point assay, the pH dependence of 
formate production from CO2/H2 was assessed (Fig. 3C). 
The reaction was found to be strongly dependent on the 
final pH of the buffer (Fig. 3C). Buffer systems with 
potassium phosphate for pH 5.5–7.4, MOPS buffer for 
pH 6.8–7.7, and boric acid buffer for pH 7.8–8.7 were 
tested. Due to the amount of CO2 that can dissolve in 
the aqueous phase, and thus potentially acidify the system, 
all pHs were remeasured after addition of CO2 and those 
values plotted against formate production (Fig. 3C). These 
experiments clearly showed that the amount of formate 
produced over the 5 h timescale peaked at a maximal 
level of production under pH 7.4 conditions (Fig. 3C).
The single- point formate assay, together with further 
molecular genetics, was used to further dissect the formate 
production from CO2 and H2 activity exhibited by E. coli. 
Interestingly, the inactivation of the respiratory formate 
dehydrogenases (ΔfdhE) and the PFL enzymes (ΔpflA) in 
strain RT1 apparently had little effect on the amount of 
formate produced (Table 3). Under these anaerobic assay 
conditions in nutrient- depleted buffer, the parent strain 
CP734 (ΔhyaB, ΔhybC) generated identical amounts of 
formate as the RT1 strain (Table 3). More importantly, 
the single- point assay, together with further mutagenesis, 
was able to establish that formate production from CO2 
and H2 was catalyzed specifically by FHL (Table 3). The 
RT1 stain was further modified to incorporate a complete 
deletion of the hycABCDEFGHI operon, encoding Hyd- 3, 
to give strain RT2 (Table 3). The new RT2 strain was 
unable to generate formate from H2/CO2 (Table 3).
Taken together, these data clearly demonstrate that 
FHL is reversible in the intact cell and that CO2 initially 
applied to the gas phase can be reduced to formate in a 
H2- dependent manner specifically by FHL. The reaction is 
nonphysiological, as E. coli would not normally express FHL 
at pH 7.4 (the optimum for the reaction) and low formate 
concentrations, and E. coli would not normally use formate 
as a carbon source. The reverse reaction is also relatively 
slow (4 nmol formate min−1 mg−1). To compare this reac-
tion rate to the forward FHL reaction, the identical strains 
were assayed for formate- dependent hydrogen production 
(Table 3). In this case, rates of 38 nmol H2 min
−1 mg−1 
were calculated, except for the RT2 control strain (Table 3). 
Thus, the forward reaction is an order of magnitude faster 
than the reverse reaction in intact cells.
H2- dependent formate generation from CO2 
in vitro by purified FHL
Recently, a strain and protocol has been reported that 
allows the intact isolation of E. coli FHL via an internal 
affinity tag located on the Hyd- 3 [NiFe]- hydrogenase 
Figure 3. Characterization of the reverse formate hydrogenlyase (FHL) reaction in vivo. (A) The RT1 (ΔhyaB hybC fdhE pflA FHL+) strain was grown 
overnight in TGYEP media, pH 6.5, supplemented with formate to induce expression of the formate regulon. The cells were harvested, washed, and 
25 mg of cell protein incubated in 20 mmol/L MOPS (pH 7.4) for 8 h under 12 mL H2/5 mL CO2; 12 mL N2/5 mL CO2; N2 only; or H2 only, as indicated. 
An aliquot of the cell suspension was removed, cells removed by filtration, 10 μL of the clarified supernatant applied to an Aminex HPX 87H column 
at 50°C, and separated compounds detected at A210 nm. (B) Time dependence of formate production. Cultures of strain RT1 were pregrown under 
FHL- inducing conditions and washed cells corresponding to 25- mg protein were incubated under a H2/CO2 atmosphere in 20 mmol/L MOPS (pH 7.4) 
and the final formate concentration in the aqueous phase of the reaction vessel was analyzed by high- performance liquid chromatography (HPLC). 
(C) The pH optimum for formate production by intact cells. RT1 cells were pregrown under FHL- inducing conditions before being washed and 
suspended in 200 mmol/L potassium phosphate buffer (blue data points); 200 mmol/L MOPS buffer (green); or 200 mmol/L boric acid buffer (orange) 
at the stated pH values that were determined after CO2 incubation. The final concentration of produced formate in the reaction vessels was quantified 
by HPLC after 5 h incubation. Each data point shows the mean values of three independent culture tubes with standard deviations.
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subunit (McDowall et al. 2014). The protocol involves 
rapid dispersal of cell membranes in a detergent cocktail 
prior to purification of the enzyme in dodecyl maltoside–
containing buffer (McDowall et al. 2014). In order to test 
the ability of isolated FHL to perform CO2/H2- dependent 
formate production, the enzyme was purified from E. coli 
strain MG059e1 (hycEHis) by immobilized metal- affinity 
chromatography (IMAC) as previously described 
(McDowall et al. 2014). SDS- PAGE analysis established 
that all seven subunits were present in the preparation 
(Fig. 4A). The Hyd- 3 activity was assayed (H2- dependent 
benzyl viologen reduction) for this preparation and found 
to be 2.44 ± 0.62 U mg−1. In addition, formate- dependent 
reduction in benzyl viologen activity (specific for the 
FDH- H component of FHL) was assayed and recorded as 
0.82 ± 0.04 U mg−1. These data give confidence that the 
as- isolated FHL is enzymatically active. Next, the isolated 
FHL (370 μg) was incubated in an atmosphere of CO2 
and H2 before single- point formate production was deter-
mined by HPLC. Here, the enzyme purified in detergent 
was able to produce 1.55 ± 0.01 mmol/L formate (final 
concentration) after 5 h incubation at 37°C. This corre-
sponds to 3.25 μmol formate produced in the reaction 
vessel (Fig. 4B). Therefore, from the initial 471 μmol 
(39 mmol/L initial concentration) of CO2 added, only 
around 0.7% was converted over this time course.
For comparison, the relative rate of the formate- 
dependent H2 production ‘forward’ reaction was monitored 
for the purified protein in vitro using discontinuous HPLC 
and continuous H2- sensing electrode assays. Isolated 
enzyme (370 μg) was incubated with formate and the 
concentration of the substrate was assessed by HPLC. The 
HPLC experiment showed that after 5 h under N2 atmos-
phere, the formate concentration decreased from 
15.74 mmol/L to 14.90 ± 0.07 mmol/L (final concentra-
tion) in the reaction vessel (Fig. 4C). A more informative 
assay involves formate- dependent H2 evolution directly 
in a H2- detecting electrode cell (Fig. 4D). Here, detergent- 
solubilized and purified FHL was incubated in solution 
in an anaerobic electrode chamber. The reaction was 
initiated by the addition of formate (15 mmol/L initial 
concentration) and an initial velocity of 103- nmol H2 
produced per min per mg enzyme was recorded (Fig. 4D). 
Assuming an intact molecular mass of 306 kDa for FHL 
(McDowall et al. 2015), the forward reaction turnover 
number can be estimated at 32 min−1.
These experiments corroborate results from the initial 
in vivo analysis (Fig. 2A) and show that isolated FHL is 
also reversible in vitro.
The role of the membrane in FHL activity: 
effect of chemical uncouplers on FHL activity
The data presented here, and that previously reported 
(McDowall et al. 2014), clearly demonstrate that the FHL 
complex does not strictly rely on membrane attachment for 
activity. This raises questions on the involvement of the 
transmembrane electrochemical gradient and the function 
of the membrane- embedded subunits themselves. However, 
the development here of assays for both the FHL forward 
and reverse reactions allows these questions to be addressed. 
In essence, if one direction of the FHL reaction was tightly 
coupled to proton or ion translocation in vivo then it fol-
lows that the opposite reaction direction should be depend-
ent upon a transmembrane electrochemical gradient.
To begin to test this, the E. coli RT1 strain (ΔfdhE, ΔhyaB, 
ΔhybC, and ΔpflA) was employed to assay formate produc-
tion from CO2 and H2 under different conditions (Table 4). 
Table 3. Forward and reverse in vivo formate hydrogenlyase (FHL) activi-
ties assessed in whole cells.
Strain Relevant genotype/
exchange
Formate 
production (% 
of parental)1
H2 production 
(% of 
parental)2
RT1 ΔhyaB, hybC, fdhE, 
pflA
100 ± 23 118 ± 143
RT2 ΔhyaB, hybC, fdhE, 
pflA, hycAI
13 ± 64 <1
JW2693 ΔhycC 18 ± 15 7 ± 53
JW2692 ΔhycD 16 ± 3 1 ± 1
EhisdCD ΔhycCD 12 ± 34 <1
CP734 ΔhyaB ΔhybC 111 ± 11 100 ± 20
T83A As CP734 HycCT83A 114 ± 18 106 ± 20
E135A As CP734 HycCE135A 102 ± 12 101 ± 10
H222A As CP734 HycCH222A 95 ± 21 101 ± 23
K239A As CP734 HycCK239A 105 ± 15 80 ± 19
E281A As CP734 HycCE281A 104 ± 20 96 ± 13
T292A As CP734 HycCT292A 110 ± 17 106 ± 31
E294A As CP734 HycCE294A 99 ± 17 103 ± 41
N295A As CP734 HycCN295A 112 ± 20 96 ± 7
H328A As CP734 HycCH328A 106 ± 21 112 ± 16
K336A As CP734 HycCK336A 108 ± 14 110 ± 6
N386A As CP734 HycCN386A 107 ± 24 100 ± 11
F388A As CP734 HycCF388A 105 ± 10 104 ± 25
1Activity was calculated based on a single- point assay following incuba-
tion of equal amounts of pregrown cells washed and suspended in 3- mL 
20 mmol/L MOPS (pH 7.4) in sealed Hungate tubes containing a H2 and 
CO2 atmosphere. A value of 100% corresponds to 5.1 mmol/L formate 
(final concentration), which is the amount produced by an FHL+ parental 
strain following 5 h incubation. The ± values indicate the percentage of 
the standard deviation from the respective value (n > 3).
2Reaction rates were calculated using a continuous assay of pregrown, 
washed, live cells in a H2- sensing electrode. The reaction was started by 
the addition of excess formate and an initial rate of the parental strain 
CP734 was 37.8 ± 7.6 nmol H2 produced min
−1 mg−1, and this value 
was used to correspond to 100% activity. The ± values indicate the 
percentage of the standard deviation from the respective value (n > 3).
3This value was obtained in the presence of an O2- scavenging system as 
described (Sargent et al. 1999).
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Specifically, the effect of protonophores/ionophores on 
formate generation from CO2 and H2 was monitored by 
HPLC (Table 4). To do this, a single end- point assay was 
used where formate production was determined after 5 h 
incubation. Such an assay is not appropriate for determin-
ing reaction rates per se, but instead gives a clear indication 
of whether FHL is active under the chosen conditions. The 
addition of CCCP (protonophore), nigericin (K+/H+ 
exchanger), valinomycin (K+ ionophore), gramicidin (K+ 
ionophore), or monensin and EIPA (both Na+/H+ exchang-
ers) at levels found to be effective in previous studies was 
found to have no effect on the final amount of formate 
produced in this single- point assay (Table 4). Also, the com-
bination of EIPA with high external sodium ions, or valino-
mycin with high external potassium ions, did not increase 
the formate production by more than 12% and 21%, 
respectively (Table 4). The addition of 2,4- dinitrophenol 
(a protonophore) reduced formate production to around 
72% of the untreated level (Table 4). Thus, it can be con-
cluded that the transmembrane electrochemical gradient is 
not strictly required to drive the FHL ‘reverse’ reaction. 
Likewise, there appears to be no obvious thermodynamic 
backpressure exerted on the FHL ‘reverse’ reaction by the 
transmembrane electrochemical gradient, as no significant 
increase in activity in the presence of uncouplers was 
observed.
Next, the E. coli CP734 strain (ΔhyaB and ΔhybC) was 
used to assay formate- dependent H2 evolution (the FHL 
‘forward’ reaction) in a H2- sensing electrode (Table 4). This 
is a continuous assay where reaction rates can be deter-
mined. The CP734 strain cannot generate H2 by reverse 
electron transport through Hyd- 2, as recently reported 
(Pinske et al. 2015), as this isoenzyme has been genetically 
inactivated. The CP734 (ΔhyaB and ΔhybC) strain was cul-
tured under fermentative conditions, harvested and washed, 
before whole cells were assayed for H2 production activity 
under anaerobic conditions. In the presence of most chemi-
cal uncouplers tested, there was no change to the rates of 
H2 production by the FHL complex (Table 4); however, the 
addition of CCCP (a protonophore) reduced hydrogen 
Figure 4. Reactions of purified formate hydrogenlyase (FHL- ) complex in vitro. (A) Purified protein (30 μg) from strains MG059e1 (FHL with internal 
His- tag on HycE) and EHisdCD (same as MG059e1, but with deletion of hycCD) was applied to a 10% (w/v acrylamide) SDS- PAGE and separated. The 
molecular mass of the ladder is given on the left- hand side (PageRuler Plus, Fisher Scientific). (B) A representative high- performance liquid 
chromatography (HPLC) profile of formate production by purified FHL complex (370 μg) after incubation under CO2 and H2 atmosphere for 5 h at 
37°C. An aliquot of 10 μL was applied directly to an Aminex HPX 87H column at 50°C and separated compounds detected at A210 nm. The formate 
peak elutes at 16.2 min, whereas the injection peak can be seen at 7 min. (C) Representative HPLC analysis of formate content before (gray, 
15.74 mmol/L from a stock solution) and after incubation with 370- μg purified FHL complex (approx. 1.2 nmol) for 5 h at 37°C (black trace, 
14.90 ± 0.07 mmol/L, n = 5, P < 0.01 using a paired t- test). (D) A representative assay of the forward reaction using detergent- solubilized, purified 
FHL (370 μg) in a hydrogen- sensing Clark- type electrode. The trace (black) shows the reaction when initiated through the addition of 15 mmol/L (final 
concentration) formate. Strict anaerobiosis is required for this assay and this reaction was therefore carried out in the presence of an enzymatic oxygen 
scavenger system with D- glucose, glucose oxidase, and catalase as described (Sargent et al. 1999). The lag time before the reaction commences is 
considered to be due to the time taken to reduce residual O2 in the reaction vessel to noninhibitory levels. The same oxygen- scavenging components 
were added in the absence of FHL complex as a control (gray trace).
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production rates to around 58% of the native level (Table 4). 
Note that all experiments were also carried out in the pres-
ence of 1 mmol/L EDTA to ensure adequate access of the 
compounds to the cytoplasmic membrane. However, the 
detected FHL activities observed were identical to those 
measured in the absence of EDTA (data not shown). 
In must be concluded that the ‘forward’ reaction is not 
dependent on the transmembrane electrochemical gradient, 
as its collapse with chemical uncouplers has no obvious 
effect on H2 production rates from formate.
Finally, strains RT1 (ΔfdhE, ΔhyaB, ΔhybC, and ΔpflA) 
and CP734 (ΔhyaB and ΔhybC) were treated with DCCD, 
an aspartate cross- linker that affects F1Fo ATP synthase 
activity; however, no effect on FHL activity was observed 
in these experiments (Table 4).
The role of the membrane subunits in FHL 
activity: site- directed mutagenesis of HycC
FHL is anchored to the inner membrane by a transmem-
brane complex of two proteins: HycC and HycD. An 
E. coli strain (EhisdCD) was constructed that carried in- 
frame, unmarked deletions of the hycCD genes in the 
His- tagged HycE background. Western immunoblot char-
acterization of strain EHisdCD showed that there is no 
polar effect on HycG production, which is encoded down-
stream of the ΔhycCD allele (Fig. S1). The EhisdCD 
(ΔhycCD) double- deletion strain was then assayed for in 
vivo FHL activity and it was observed that both formate- 
dependent H2 production and CO2/H2- dependent formate 
production were abolished in the mutant strain (Table 3). 
Similarly, E. coli strains carrying single deletion mutations 
in either hycC or hycD were also essentially devoid of 
FHL activity (Table 3).
The HycC protein is evolutionarily related to the NuoL/
NuoM/NuoN proteins from the respiratory Complex I 
(Efremov and Sazanov 2012). Although the proton trans-
location mechanism of Complex I is not yet fully under-
stood, two essential lysine side chains (K234 and K265), 
and one essential glutamate residue (E144), have been 
previously identified in E. coli NuoM that when substituted 
abolished quinone reductase activity by Complex I (Euro 
et al. 2008) and reduced or abolished proton- pumping 
activity (Efremov and Sazanov 2011). E. coli HycC contains 
equivalents of these essential NuoM residues, namely HycC 
E135 (equivalent to NuoM E144) and K239 (equivalent 
to NuoM K265), whereas the corresponding residue to 
NuoM K234 is a leucine in HycC (L208). Initially, the 
CP734 (ΔhyaB and ΔhybC) strain was further modified 
by the separate introduction of alleles- encoding HycC E135A 
and K239A variants (Table 3) onto the native chromosomal 
locus resulting in strains CPCE135A and CPCK239A, 
respectively. Following pregrowth, harvesting, and washing, 
the CPCE135A and CPCK239A strains were found to be 
able to perform CO2/H2- dependent production of formate, 
using the single end- point assay, to a similar level observed 
in the parent strain (Table 3). Also, the CPCE135A strain 
exhibited formate- dependent H2 production activity of a 
similar rate of that measured for the parent strain (Table 3). 
Using the homologous recombination method chosen here 
to prepare genetically modified strains, it proved impos-
sible to select a HycC L208K variant strain. As a com-
promise, the hycC L208K allele was prepared on a plasmid 
and used to complement a ΔhycC strain in trans. The 
HycC L208K variant (strain JW2693 with pKS- hycCL208KD) 
function for the FHL ‘reverse’ reaction (formate 
Table 4. No effect of chemical uncouplers on in vivo formate hydrogen-
lyase (FHL) activity.
Addition Effect Formate 
produc-
tion (% of 
parental)1
H2 
production 
(% of 
parental)2
None None 100 ± 23 100 ± 20
CCCP (100 μmol/L) H+ 128 ± 21 58 ± 23
2,4- dinitrophenol 
(100 μmol/L)
H+ 72 ± 11 100 ± 20
Monensin (20 μmol/L) Na+/H+ 90 ± 2 79 ± 3
EIPA (50 μmol/L) Na+/H+ 86 ± 10 79 ± 11
EIPA + Na+ Na+/H+ 112 ± 8 67 ± 13
Na+ (112 mmol/L) Na+ 115 ± 2 62 ± 13
Nigericin (10 μmol/L) K+/H+ 92 ± 4 133 ± 18
Valinomycin (10 μmol/L) K+ 115 ± 14 95 ± 6
Valinomycin + K+ K+ 121 ± 18 88 ± 10
K+ (112 mmol/L) K+ 106 ± 11 62 ± 22
Gramicidin (10 μg mL−1) K+ 86 ± 8 107 ± 3
DCCD (35 μmol/L) ATPase 124 ± 29 107 ± 18
Crude extracts No 
membrane 
potential
76 ± 9 12 ± 36
DMSO (28 mmol/L) Solvent 
control
125 ± 25 110 ± 8
1This is a single end- point assay of the amount of formate produced 
from a suspension of harvested, washed cells. Unless otherwise stated, 
strain RT1 (FHL+) was grown overnight anaerobically in TGYEP, pH 6.5, 
harvested, and washed in 20- mmol/L MOPS buffer, pH 7.4, and resus-
pended in 3 mL of the same buffer before being incubated with H2 and 
CO2 in Hungate tubes for 5 h. The relative percentage was calculated 
based on the final concentration of formate produced by the RT1 parent 
strain being 5.1 ± 1.2 mmol/L being taken as 100%, with ± values indi-
cating the percentage of the standard deviation from the respective 
value (n > 3).
2This is a reaction rate calculated using harvested and washed cells. 
Unless otherwise stated, cells of strain CP734 (FHL+) were grown over-
night anaerobically in TGYEP, pH 6.5, harvested, and measured in a 
Clark- type H2- sensing electrode. The relative percentage was calculated 
based on a rate of the parental strain CP734 of 37.8 ± 7.6 nmol 
min−1 mg−1 being taken as 100%, with ± values indicating the percent-
age of the standard deviation from the respective value (n > 3).
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production) was found to be slightly elevated compared 
to RT1 and the parent strain complemented with native 
hycC (Table 5).
To explore further possible regions of HycC with func-
tional importance, conservation scores for HycC amino 
acid residues were determined using ConSurf (Ashkenazy 
et al. 2010) based on sequence alignments among the 
E. coli NuoM, HyfB, and HycC proteins. Regions of con-
servation were plotted on a HycC structure model gener-
ated by the Phyre2 server (Kelley and Sternberg 2009) 
and from those a belt of conserved charged or polar 
residues predicted to reside within the lipid bilayer was 
identified (Fig. 5). This analysis identified HycC residues 
T83, H215, T292, E294, N295, H328, H332, K336, N386, 
and F388 and each was targeted for substitution by ala-
nine. In addition, conserved polar residues predicted to 
lie on the cytoplasmic face of the HycC protein were 
identified, resulting in H222, E281, and D354 being chosen 
for substitution with alanine.
In total, 10 further derivatives of the CP734 (ΔhyaB 
and ΔhybC) strain were carefully constructed carrying 
unmarked alleles expressed at the native hyc locus on the 
chromosome. These new strains produced HycC variants 
T83A, H222A, E281A, T292A, E294A, N295A, H328A, 
K336A, N386A, and F388A. Of these 10 new strains, none 
was found to be impaired for CO2/H2- dependent formate 
production using the single end- point assay (Table 3). 
Similarly, the strains exhibited formate- dependent H2 pro-
duction rates similar to the parental strain CP734 (Table 3).
Of the remaining HycC residues targeted for substitu-
tion by alanine, the alleles- encoding HycC H215A, H332A, 
D354A, and E391A were characterized by in trans com-
plementation of a ΔhycC strain (Table 5). All were active 
for CO2/H2- dependent formate production as assessed 
by the single end- point assay, yielding final formate 
amounts between 86 and 139% of that generated by the 
parental strain CP734 (Table 5). However, analysis of 
formate- dependent H2 production rates (the forward reac-
tion) showed that D354A or E391A substitutions in HycC 
reduced H2 production to around 55% (Table 5).
The role of the membrane subunits in FHL 
activity: site- directed mutagenesis of HycD
The FHL membrane subunit HycD shares homology with 
NuoH from Complex I. This subunit has a remarkable 
amount of conserved glutamate residues that, in Complex 
I, have been proposed to transmit the change in charge 
during the reaction from the ‘N2’ [Fe- S]- cluster and 
quinone- binding site to the membrane subunits (Efremov 
and Sazanov 2012). In E. coli Complex I, NuoH E157 
and V206 were previously reported to be involved in 
energy coupling (Hirst 2013). Here, the effect of substi-
tuting the equivalent conserved residues E138, E189 (pre-
dicted to lie within the lipid bilayer), and the motif 
E199/201/203 (predicted to be in an exposed, cytoplasmic 
loop), in HycD, was investigated. Note that sequence analysis 
Table 6. In trans complementation of a ΔhycD strain with hycD mutant 
genes.
Strain + Complementing 
plasmid
Formate production 
(% of parental)1
H2 production 
(% of parental)2
JW2692 (ΔhycD)
+pKS- hycCD+ 103 ± 1 83 ± 20
+HycD (E138A) 26 ± 2 2 ± 2
+HycD (E189A) 87 ± 1 85 ± 17
+HycD (E199A) 133 ± 11 76 ± 5
+HycD (E201A) 82 ± 12 86 ± 12
+HycD (E203A) 18 ± 11 5 ± 7
+HycD (E199/201/203A) 27 ± 3 1 ± 1
1Activity was calculated based on a single- point assay following incuba-
tion of equal amounts of pregrown cells washed and suspended in 3- mL 
20 mmol/L MOPS (pH 7.4) in sealed Hungate tubes containing a H2 and 
CO2 atmosphere. A value of 100% corresponds to 5.1 mmol/L formate 
(final concentration), which is the amount produced by an FHL+ parental 
strain following 5 h incubation. The ± values indicate the percentage of 
the standard deviation from the respective value (n > 3).
2Reaction rates were calculated using a continuous assay of pregrown, 
washed, live cells in a H2- sensing electrode. The reaction was started by 
the addition of excess formate and an initial rate of the parental strain 
CP734 was 37.8 ± 7.6 nmol H2 produced min
−1 mg−1, and this value 
was used to correspond to 100% activity. The ± values indicate the 
percentage of the standard deviation from the respective value (n > 3).
Table 5. In trans complementation of a ΔhycC strain with hycC mutant 
genes.
Strain + Complementing 
plasmid
Formate production 
(% of parental)1
H2 production 
(% of parental)2
JW2693 (ΔhycC)
+pKS- hycCD+ 89 ± 10 93 ± 3
+HycC (L208K) 129 ± 18 127 ± 47
+HycC (H215A) 139 ± 6 132 ± 46
+HycC (H332A) 118 ± 16 106 ± 33
+HycC (D354A) 99 ± 5 55 ± 18
+HycC (E391A) 86 ± 38 55 ± 19
1Activity was calculated based on a single- point assay following incuba-
tion of equal amounts of pregrown cells washed and suspended in 3- mL 
20 mmol/L MOPS (pH 7.4) in sealed Hungate tubes containing a H2 and 
CO2 atmosphere. A value of 100% corresponds to 5.1 mmol/L formate 
(final concentration), which is the amount produced by an FHL+ parental 
strain following 5 h incubation. The ± values indicate the percentage of 
the standard deviation from the respective value (n > 3).
2Reaction rates were calculated using a continuous assay of pregrown, 
washed, live cells in a H2- sensing electrode. The reaction was started by 
the addition of excess formate and an initial rate of the parental strain 
CP734 was 37.8 ± 7.6 nmol H2 produced min
−1 mg−1, and this value 
was used to correspond to 100% activity. The ± values indicate the 
percentage of the standard deviation from the respective value (n > 3).
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suggests that E. coli HycD E138 and E189 adopt the posi-
tions of residues E157 and V206 in E. coli NuoH, respec-
tively. The data show that the HycD E189A, E199A, and 
E201A variants retained activity for both FHL ‘forward’ 
and ‘reverse’ reactions, whereas the E138A, E203A, and 
the E199/201/203A triple exchange had reduced activities 
for the both the ‘forward’ and ‘reverse’ reactions (Table 6).
A variant of FHL lacking integral membrane 
subunits can be purified, but has low 
activity
As deletion of the hycC and hycD genes abolishes FHL 
function in intact whole cells (Table 3), it was considered 
a possibility that the remaining FHL subunits are not 
synthesized or assembled in the mutant strain. To address 
this, the E. coli EhisdCD strain (ΔhycC, ΔhycD, and hycE-
His) was cultured under fermentative conditions and the 
variant enzyme purified by IMAC. Subsequent SDS- PAGE 
analysis of the isolated protein showed that the entire 
five- subunit soluble domain of FHL could be copurified 
with the single affinity tag on HycE (Fig. 4A). In this 
case, however, the BV redox dye- linked Hyd- 3 activity 
was assayed as 0.12 U mg−1, which represents only 5% 
of activity normally measured for the entire enzyme com-
plex, and the BV redox dye- linked FDH- H activity was 
recorded as 0.40 ± 0.09 U mg−1, which is 49% of the 
activity normally associated with the native complex. Thus, 
in the complete absence of the membrane domain, the 
FHL cytoplasmic domain is apparently assembled but 
clearly compromised in terms of its enzymatic activity.
Similarly, purification of HycEHis after transfer of the 
allele encoding the HycD E199/201/203A triple exchange 
to the MG059e1 chromosome allowed purification of an 
assembled five- subunit soluble domain that displays very 
low enzymatic activity. The HycD E199/201/203A strain 
hence phenocopies the ΔhycCD deletion strain (data not 
shown).
Discussion
Formate hydrogenlyase can be made to 
perform the reverse reaction
The physiological role of FHL is to oxidize formate with 
the concomitant production of molecular hydrogen. Indeed, 
Figure 5. The predicted structure of HycC. (A) A cartoon representation of the Phyre2- predicted HycC fold as seen from the cytoplasmic side or in the 
membrane plane, as indicated. The long- extended C- terminal helix is labeled. The amino acids are colored according to their ConSurf conservation 
scores with highest conservation being red. (B) The view within the membrane plane with amino acids E135, L208, K239, and E391 shown as blue 
sticks. (C) The amino acids H222, E281, and D354 in green sticks, whereas T83, H215, T292, E294, N295, H328, H332, K336, N386, and F388 are 
shown as blue sticks.
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gene regulation and enzyme assembly have evolved to 
such an extent that the FHL enzyme is only synthesized 
under relatively high formate concentration and relatively 
low pH (Rossmann et al. 1991; Sawers 1994; Suppmann 
and Sawers 1994). In the main, therefore, the ‘forward’ 
reaction catalyzed by FHL (H2 production using formate 
as an electron donor) has been the focus of research in 
this area. However, understanding and harnessing the 
‘reverse’ FHL reaction (H2- driven reduction in CO2 to 
formate) are potentially of great interest in terms of car-
bon capture and the generation of sustainable chemical 
feedstocks for industry. As Van’t Hoff stated in 1884, 
every chemical reaction should be reversible, and this of 
course also applies to biological systems as enzymes do 
not shift the chemical equilibrium, but instead lower the 
activation energy. It was therefore important to demon-
strate experimentally that FHL could operate in ‘reverse’ 
given the correct conditions.
The data presented in this work clearly show that E. coli 
FHL can reduce CO2 to formate using H2 as electron 
donor. The discontinuous assay employed here suggests 
the reaction is slow (4 nmol formate produced min−1 mg−1) 
compared to the forward reaction, which was recorded 
here as 38 nmol H2 produced min
−1 mg−1 but has been 
reported as high as 500 nmol H2 produced min
−1 mg−1 
(Sawers et al. 1985). A turnover number for the forward 
reaction was estimated in this work as 32 min−1, which 
is in agreement with previous work using a different assay 
(McDowall et al. 2014). It is perhaps not surprising that 
the reverse reaction is at least an order of magnitude 
slower than the forward reaction as this direction of elec-
tron flow is never normally attempted by FHL – the 
reaction is nonphysiological and E. coli would not normally 
attempt to fix CO2 in this way. In these experiments, 
cells have been pregrown to induce FHL production and 
then placed under unusual conditions (high CO2/H2 and 
alkaline pH) that would favor the reverse reaction. It 
should also be considered that the, currently unknown, 
individual redox potentials of the multiple metallocofac-
tors in FHL are biased toward performing the forward 
reaction. This, together with other enzyme- gating mecha-
nisms, may slow the reverse reaction significantly. It is 
conceivable, therefore, that future synthetic biology 
approaches could be used to remove the natural gene 
expression restrictions from FHL biosynthesis, modify the 
cofactor coordination chemistry, and so engineer a strain 
that is primed to perform the ‘reverse’ reaction.
No evidence for proton translocation by the 
E. coli FHL complex
The evolutionary link between FHL and respiratory 
Complex I has been a source of fascination and 
experimentation since the primary sequence of FHL com-
ponents was first revealed (Böhm et al. 1990). In recent 
years great strides forward have been made in understand-
ing the structure and function of Complex I. It has been 
suggested for Complex I that in a two- state stabilization 
charge mechanism, where negatively charged quinone sta-
bilization drives conformational changes to transduce 
energy from the soluble domain to the membrane domain 
in order to pump protons (Brandt 2011; Zickermann et al. 
2015). However, no involvement of quinone, or a quinone- 
binding site, has been shown for FHL, although sequence 
analysis has hinted at the possibility (Weiss et al. 1991). 
In Complex I, the quinone- binding site was revealed to 
be located close to the terminal [Fe- S]- cluster named N2 
in Complex I, which corresponds to the proximal [Fe- S] 
cluster of the Hyd- 3 small- subunit HycG that is predicted 
to be intimately linked with the [NiFe] active site in the 
large- subunit HycE. Therefore, the [NiFe] catalytic center 
in HycE occupies the space where quinone binding takes 
place in Complex I. Thus, in this case the proposed charge 
transfer to the membrane domain would result from the 
quenching of two positively charged protons by reducing 
them to dihydrogen in HycE close to HycD. The residues 
proposed to be required for charge transfer from Complex 
I subunit NuoH are equally conserved in HycD, but single 
substitutions generated in this work had very little effect 
on activity, or potentially the loss of a single charge can 
be compensated for within the wider structure of the FHL 
membrane domain.
Hyd- 3 was the first described example of ‘group 4’ [NiFe] 
hydrogenases also named Ech (energy- converting 
Hydrogenase) (Wu and Mandrand- Berthelot 1993; Vignais 
et al. 2001). This group also comprises the Ech- Hyd from 
Methanosarcina barkeri and the membrane- bound Hyd 
from Pyrococcus furiosus where energy conversion as a 
build- up of a proton/Na+ gradient was shown using 
inverted- membrane vesicles (Sapra et al. 2003; Hedderich 
and Forzi 2005). Several studies have attempted to dem-
onstrate proton pumping by E. coli FHL (Bagramyan and 
Martirosov 1989; Trchounian et al. 2000; Bagramyan et al. 
2002; Hakobyan et al. 2005). Early studies correlated the 
time for H+/K+ pumping activity with FHL activity 
(Bagramyan and Martirosov 1989) and discovered that the 
redox potential, which was correlated or associated with 
H2 production, was sensitive to the ATPase- inhibitor DCCD 
(N,N’- dicyclohexylmethanediimine). Also, mutants with-
out functional F1Fo- ATPase were apparently affected in H2 
production by Hyd- 4 (a subunit of the poorly understood 
alternative ‘FHL- 2’ system), but had no influence on Hyd- 3 
(Bagramyan et al. 2002). Thus, a model was proposed where 
the ATP- dependent potassium- transporter TrkA and the 
F1Fo- ATPase could form a supercomplex with FHL- 2 and 
possibly with FHL itself in order to couple H2 production 
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and H+/K+ exchange to a proton gradient generation (for 
reviews see Bagramyan and Trchounian 2003; Trchounian 
and Sawers 2014). In addition, the oxidation of formate 
was correlated with a ratio of 1.3 protons translocated per 
molecule formate and was not detectable in a FHL− strain 
(Hakobyan et al. 2005).
Complex I is reversible and has been shown to transfer 
electrons from succinate via quinol to NAD+ driven by 
Δp – classical reversed electron transport (reviewed in 
Brandt 2006; Hirst 2013). This ‘reverse’ reaction would 
be expected to be inhibited by uncouplers, and concomi-
tantly the ‘forward’ reaction of NADH oxidation coupled 
to proton translocation is not inhibited by protonophores 
such as CCCP (Ripple et al. 2013). Given the develop-
ment here of robust strains and assays for both directions 
of FHL, it was considered timely to revisit the bioenergetic 
requirements of E. coli FHL. The initial assumption made 
was that if FHL pumps protons or other ions across the 
cytoplasmic membrane during catalysis, then according 
to the concept of reversibility, the other direction would 
require an electrochemical gradient. Therefore, both direc-
tions of the FHL reaction were performed in the presence 
of protonophores and ionophores.
When the effect of protonophores CCCP and 
2,4- dinitrophenol was investigated, the formate- dependent 
H2 production from whole cells was reduced to 42% of 
native levels with CCCP, but unaffected in the presence 
of 2,4- dinitrophenol. Note that the amount of CCCP used 
here was found to be sufficient to block the pmf- dependent 
H2 production activity of E. coli Hyd- 2 in intact cells 
(Pinske et al. 2015). The discrepancy between the CCCP 
and dinitro phenol (DNP) results was surprising as both 
compounds should have the same uncoupling effect on 
the membrane. It was also surprising that CCCP inhibits 
the ‘forward’ reaction only partially – and an IC50 value 
can be calculated at 100 μmol/L (Fig. S2B). In agreement 
with this observation, the ‘reverse’ reaction is slightly 
elevated in the presence of CCCP (perhaps indicative of 
a relaxing of thermodynamic backpressure on the enzyme), 
but again 2,4- dinitrophenol has no effect. Where CCCP 
effects on H2 production have been previously investigated, 
the redox potential Eh was monitored (rather than the 
presence of H2 directly) and correlated with H2 production 
leading to the observation that CCCP slowed the reduction 
in Eh to about −600 mV lower than normal, but not 
completely abolishing it (Bagramyan and Martirosov 1989). 
Similarly, proton- pumping activity during formate oxida-
tion was reported to be inhibited by CCCP (Hakobyan 
et al. 2005); however, in this case the experiment was not 
sufficiently genetically controlled, as the activity of the 
periplasmically located electrogenic formate dehydroge-
nases was not taken into account. Indeed, it was equally 
shown in the same study that CCCP had no effect on 
formate oxidation or H2 production (Hakobyan et al. 2005). 
It is possible that CCCP is having secondary side effects 
on the FHL activity recorded here. An often overlooked 
aspect of the FHL system is the need for formate transport 
across the inner membrane. The mechanism of gating of 
the FocA formate channel is not fully understood, but is 
thought to be sensitive to pH changes. Although formate 
transport is thought to be not directly dependent upon 
proton cotranslocation (Suppmann and Sawers 1994; 
Doberenz et al. 2014), it is possible the CCCP is having 
a nonspecific effect on channel activity that is leading to 
changes in substrate availability to the FHL enzyme.
When DCCD was added to the cells, which is a protein- 
modifying reagent frequently used to inhibit the proton- 
translocating ATPase, no alteration for FHL function was 
visible here. Similarly, other K+ (nigericin, valinomycin, 
and gramicidin) and Na+ (monensin and EIPA) ionophores 
had no effect on FHL- dependent H2 production from 
formate. Taken altogether, these data suggest that FHL 
activity is not tightly coupled to proton translocation in 
E. coli. Indeed, studies on chemical [NiFe]- hydrogenase 
models showed that formate- dependent H2 production is 
possible without additional energy input (Nguyen et al. 
2014) and final corroborating evidence comes from the 
recent introduction of an active proton- pumping prote-
orhodopsin in E. coli, which had no influence on H2 
production from FHL (Kuniyoshi et al. 2015).
Mutagenesis of HycC
In this work a HycC tertiary structure prediction, using 
the Phyre2 server (Kelley and Sternberg 2009), was used 
as a model to design mutagenic experiments (Fig. 5). HycC 
is predicted to comprise at least 15 transmembrane helices 
and a long amphipathic helix (Fig. 4A). The model is 
missing 16 amino acids at the C- terminus and leaves the 
possibility for another transmembrane helix. A recent study 
(Zhu and Vik 2015) contradicts the previously assumed 
role of the amphipathic helix in Complex I to confer 
conformational changes among the membrane subunits 
(Efremov et al. 2010) and supports the idea of this helix 
stabilizing the structure of the membrane domain (Brandt 
2013). Other similarities between HycC and the NuoL/M/N 
proteins are the broken helices 7 and 12, perhaps indica-
tive of proton- gating mechanism requiring lysine or glu-
tamate residues (Batista et al. 2013). However, one of the 
essential gating residues K234 in NuoM is not conserved 
in E. coli HycC, although the overall conservation within 
the wider HycC family is high (Marreiros et al. 2012).
Unlike experiments with Complex I, none of the 18 
amino acid substitutions made in HycC in this work 
was found to have any effect on the FHL complex. It 
is arguable that the single amino acid residue exchanges 
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in HycC might not be sufficient to interrupt a Grotthus 
proton translocation mechanism, although it was shown 
that single homologous residue exchanges in the Na+/
H+ antiporter- like subunits of Complex I are sufficient 
to stop proton translocation activity completely (Efremov 
and Sazanov 2011). It is more likely that these data cor-
roborate the experiments with chemical uncouplers some-
what and highlight that many aspects of HycC fine structure 
are not essential for the forward or reverse reactions of 
E. coli FHL.
FHL activity requires a membrane 
attachment step
FHL is undoubtedly a membrane- bound enzyme, however, 
if membrane association is not fulfilling a bioenergetic 
role, as suggested here by the uncoupler experiments and 
HycC mutagenesis, then understanding the function, and 
the conservation, of the integral membrane domain 
becomes an interesting puzzle. In experiments reported 
here, it is clear both forward and reverse FHL reactions 
can be performed in vitro from purified and detergent- 
solubilized enzyme showing that a membrane attachment 
is not necessary for FHL activity. Indeed, both directions 
of reaction were also detectable in crude extracts, that is, 
in a mixture of cytoplasm and membrane vesicles (Table 4). 
In such crude extracts, the generation of formate from 
CO2/H2 was 75% of the value recorded for intact RT1 
(ΔhyaB hybC fdhE pflA) cells, and the H2 production was 
reduced to around 12% compared to whole CP734 (ΔhyaB 
ΔhybC) cells. The latter reduction in activity is presum-
ably because, unlike for the HPLC experiments, the crude 
extracts were not degassed prior to application to the 
electrode and the in vitro FHL reaction is dependent on 
O2- free conditions. Nevertheless, data reported here clearly 
show the membrane subunits are critical for in vivo FHL 
activity (Table 3), as genetic removal of either or both 
of HycCD results in almost complete absence of FHL 
activity in either direction. Note also that the two half 
reactions are still detectable with artificial redox dyes, but 
the values were very low in terms of Hyd- 3, in the absence 
of HycC or HycD and that an intact FHL soluble domain 
can be purified from the mutant cells. These data are in 
good agreement with previous experiments that showed 
that absence of either HycC or HycD did not reduce the 
formate dehydrogenase H activity, but abolished most of 
the total Hyd- 3 activity (Sauter et al. 1992).
These data were corroborated by site- directed experi-
ments conducted here on the HycD protein. In terms of 
the HycD subunit, amino acid exchanges of E138, predicted 
to be in a transmembrane domain, and E203, part of a 
cytoplasmic loop, led to obvious changes in FHL activity 
(Table 6). However, given both directions of the FHL 
reaction were affected by these substitutions, this may be 
due to the lack of FHL complex stability or problems 
with biosynthesis of the enzyme. Indeed, the three HycD 
residues E199, E201, and E203 are predicted to be located 
in a cytoplasmic loop at the interface with the FHL soluble 
domain, and the triple exchange mutant was found to 
behave in an identical manner to a ΔhycCD strain. Again, 
the HycD E199/201/203A strain displayed low levels of 
in vivo FHL activity, but the soluble domain was assem-
bled but largely inactive with regards to the Hyd- 3 com-
ponent. Thus, mutagenesis of hycD may destabilize the 
membrane domain leading to separation of the soluble 
and membrane domains.
Thus, production of the FHL soluble domain in the 
absence of a membrane domain leads to fully assembled 
protein, but which is largely inactive; whereas production 
of the soluble domain in the presence of a membrane 
domain leads to fully active enzyme that retains its activity 
even after membrane dispersal with detergents. Moreover, 
cytoplasmic analogs of FHL exist in other bacteria. For 
example, the hydrogen- dependent CO2 reductase from 
Acetobacterium woodii comprises a molybdenum- dependent 
formate dehydrogenase linked to an [FeFe]- hydrogenase 
but operates freely in the cell cytoplasm (Schuchmann 
and Müller 2013). Taken altogether, it seems likely that 
membrane attachment of the E. coli FHL soluble domain 
is important for either maintaining activity of the soluble 
domain or is an important final step in the biosynthesis 
and activation of the enzyme.
Concluding remarks
The data presented suggest that direct proton translocation 
through the membrane domain of FHL is not strictly cou-
pled to the catalytic cycle of the FHL soluble domain. 
Instead, the membrane domain structure may be conserved 
as it is either required for final activation of the enzyme or 
because positioning of FHL at the membrane surface 
increases efficiency of formate oxidation after import. 
Future challenges will revolve around understanding the 
biochemical roles of the membrane subunits and establish-
ing why the prominent nest of charged residues within the 
lipid bilayer has been strictly conserved. It may also be the 
case that conformational changes in the membrane domain 
are required to modulate electron transfer in the cytoplasmic 
domain, especially as mobile side chains located between 
cofactors are beginning to emerge as important players in 
the hydrogenase reaction mechanism (Bowman et al. 2014; 
Frielingsdorf et al. 2014) and the Hyd- 3 small and large 
subunits are predicted to contact HycD at the membrane.
The unambiguous demonstration that FHL can operate 
in the fixing of CO2 to formate both in vivo and in vitro 
is an important finding and could potentially outcompete 
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cell- based systems that rely on the addition of ionophores 
in order to have biotechnologically relevant formate gen-
eration (Schuchmann and Müller 2013). Unambiguous 
demonstration of the FHL reverse reaction also corroborates 
some hypotheses on the origins of life (Nitschke and Russell 
2009) and it opens new doors for the engineering and 
harnessing of this enzyme for industrial applications.
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